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Summary

K-lxuld I)ilot tone data collcckd  by the AC’J3 Mot)ilc  Tcrmil)al  (AMrl’) during  1994 are
used lo charactcrim the K-band land-mobile satellite channel. ‘Mc charact,crimtioll  is two-
fold: a ~Jrobability  density moclcl  is derived which sh(mvs that tllc fade rxcmdanm  levels at
K-band are nluc]l  higher than  those at lower frequelk(:ics,  particularly at IJ-ba]ld.  E’urthm,
the fade statistics arc very dependent on the geometry of the surrounding cnvirwn]nc]lt,.  ‘J’hc
difl’crmlce  bctwem  good and bad cnvironmcnt,s  is much more I)K~~loul~ccd  at K-txrIld t hal)
at 1,-l MI Id. A discrct,e time model  js used to pro~~idc insight itlt,o  tllc bursty  nature of the
errors induced by prw])agation  eflkcts on the channel. F’or a clata rate of 9600 bits/see, the
avera~c fhdc duxatiol]  for a fade threshold of 6 d13 is orl the ordc] of a fcw thousalld  bits
wl]ic]l  COI’IWiJ)OIldS  to a fade duration of 2 tjo 5 Inetc]s. ‘J’he fade (Iurations  arc typical of
t]losc at IJ-baIld which sugg;csts that while the K-bal](l fades arc If]orc severe tlm[l those at
IJ-balld) tl}lc durations a~ca])~)roxir~l?ltely  the same.

1. Introduction

l,a]ld Illobile  satcllik  systems allow truly ubiquitous wil clcss cC)lIl]]ll]]liciltiolls  to users al~nost
allywllcrc at, :anytlilne. Mobile satellite systems are bctte~ suited to ]nwviding  voice and data
coll]lllllllic/ltiO1ls”  services to uscts traveling in low population (Ie]lsity arms w}]ile la]]d bascxl
cclllllar systrmls are bcttlcr  suiteti  to providing three services i]} lligl]  ])o])ulatiorl  clensity
areas . As tjllc  illcrcasillg dc]nand for mobile COrllIrllllliCiitiOll  ca~mcitjy  coIlsumm tlkc  available
bandwidth allocatiolis  at 1,-, S-, and Ku-bands, K- an(l  Ka-band  frequencies offer potential
relief.

‘J’lle (:(J1llllll]llicatioll  channel t)ctwccll  a satellite al]d a lalld based Illobilc  user pmxmts
a c}lallcngc.  Nlulti])ath  i]ltcrfmencc and shadowing muse sevcm \’ariatiolw ill the received
—. .-
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power nlaking  constant, reliable communications diffi{:ult  and li]uil illg systcln  performance.
g’hc cflixts  of shadowing arc the lnost severe source of signal outages ill a land mobile satellite
Systcnl.  ‘J’llc attelluation  duc to shadowing increases with frqucl)cy:  ],-~and  is IVOISC  than

UIIF’, $band  is worse than 1,-baud, etc. Since K-ba[ld frcqum]cics arc ten times  those at
1,-balld,  a thorough and careful analysis of the fatling cf~cxts  is required to assess the viabilitj’
of K-band mobile satmllitc  systems.

NASA’s ACIWMICCC1  (;olrl[~lurlicatiorls  ‘1’cchnology  %[,ellitc (ACYllS)  ~Jrovidcs  an ideal s~)aced-
bascd ~)latfornl for analyzing the K-band mobile sate]] itc chalmcl. ‘1 ‘his paper reports on the
results of the K-band mobile propagation analysis call Ipaign usillg the A(Y1lS Mc)bilc  Termi-
nal (A M’I’) dcvclopcd by the Jet lkopu]sion  ],aboratory (J1)I, ). ‘J’hc challncl  is Inodclcd ill
two Wtiys :

● A probability dculsity model  is derived from frequency histograms of measured data.
‘J’}lis mode] allows designers to predict 1 Yo, 5%, and 10% fade cxcccdancc levels.

● A discrc(, c t,ilnc fade duration model is devclo~ml  which pmvidcs il]forlnation  regarding
tl]c burst error natur(! of tllc channel, tllc average fade dllrations,  alld signal outage
])crc(!lltagcs.

‘1’lIc systcln  used to collect, the data and a description of tllc c)ll\riIOIl~ll(:I1t  arc olltlincd irl
Scctioll  2. The ~)rol>ability  density model is dcscribcd  iu Scctioll  3 al)d tllc discrctc  t,il~l[!
Inodcl  in S(!ction 4.

2 Experiment Description

NASA’s AH’S satc]litc  l)roviclc!s a stationary ~)latfolln  ideally suited to th(! ~ll(>asLllc:lIlcllt,
of ~nobilc ~)ro~)agatioll  cfk:cts  at K/Ka-band  (20/30  (I IIz). JPJ,  l)as dcvclopcd a proof-of-
conccl)t l)rcadboard  mobile tmninal  system to o~)cratc  in colljullctioll  tvitll A(H’S at K/Ka-
bZUId  called tllc AC”l’S  Nlolbilc  Terminal (A M”J’) [1]. 1 ‘ield tests conducted during  the fimt
7 lnont,l]s of 1994 usill~  JPl~’s AMT ~)rovidc  channel (:haractcrizat ion data for the K-ba~ld
lalld-lllobilc satcl]itc  channel.

As dcl)ictcd ill P’igurc 1, t h e  systcln is conlpriscd  of a bcllt  l)il~c ~)ro~)agation li]lk coll-
]lectlil]g tcrlllina]s  at fixed and mobile sites. ‘J”’he  for]vard c}lallllcl  origi]latcd  at the fixed
station witl) a 29.634 C;IIZ pilot tone. ‘J’his pilot tone \vas lcccived  by AC’1’S, Illixcd to tllc
dowulillk  frqucllcy  of 19.914 GIIz, and translllittcd  OII  the %ut]lcrll  California sl)ot l)eam.
‘1’lle forward c]lallncl ofl”cred  a composite G’/A7~ of 55.63 dB-Ilz al)d was the basis for t hc
K-ball(l  lcslllts.

‘J’lIc AM’J1 is qui~)~)cd \Vit]l a small (8”  x 3“)  high-pain rcficctor alltclll]a  [2] \\rllicll  tracks
tllc satellite ill azimut]l  for a fixed elcvat,ioI1  ang]c (46” for these cx~)c] imcllts). ‘1’lIc allt,clllla  is
~l]cdlallically  steered and acquires and tracks the satcllit c over tl]c cllt  ir[! 360° of azil~lut}l  ~vitll
a l)oilltillg  error lC!SS  than  2°. Vehicle turu  rates of u~) to ,14° per sccolld can lx: accol~l]nodateci.
tllc antclllla  IIas a G/’J’ of -6 dll/K over a band widt])  of 300 M]lz. ‘J’l]c 3 c113 bcalll ~vidth
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is +9” ill elevation and +6° in i~zimuth.  The antenna pointing syshns enables the antenna
to track the satellite for all practical vchiclc  maneuvers.

The I)ata Acquisition System (DAS) illustrated ill Figure! 2 l~]~iis~]t~s  inphas[!  pilot voltage
ICVC1 and th[! Ilon-cohmmt  pilot power  level. The illpllasc  pilot voltage level was sampled
at 4000 s:~I~IIJIc:s/sccoIIcl in a tralldwidth  of 1.5 kIIz and was used to analyze  the channel
characteristics pmxmtcd  in this paper. The data we] e storod oI~ 5 Gbyte Exabyte  ta~)es  for
ofI-line evaluation. l’he vehicle position, vehicle velocity, and time stamp  were dcrivccl  from
an on-board GIYS systcm and updated once each second. g ‘he DAS also provicles  real-time
displays of’ various parameters to aid the cxpcrimcnt(!rs  in the field.

Data were collcctcd in a variety of locatiolls  in order to charactt:rizc crlvironrncllts typical
of mobile satellite apl)lications. In the absence c)f ally standard clcfinitio~]s  for t}lc various
cnvironmcn~al conditions typical of land mobile satellite channels, a set of general classifica-
tions specific to %uthcrn California was adopted. A 11 runs ill this lllcmurclncnt  calnpaign
were conducted in Pasadena, California which prcsellts a scaso]lally  illvariant  suburban cn-
virollln~llt ‘i’hc environments arc clividcd into three broad catcgori(!s based on the type of
road way:

Category I: a lilllitcd access multi-lane freeway

Category 11: a broad suburban thororrghfam  lined with trw!s and buildings. ‘1’hc tree
canopies cause i~)tcrmittcnt,  blockage and the bui Idiugs arc cit llcr too far mnovcd  from
the road side or Ilot tall enough to cause signifi[’ant Mockclgc.

Category III: a s]nall, two-lane roadway lined  with trcws and I)uildings. ‘1’IIC  tr(!c (alopics
oftcll  cover the mltire road way and buildings ilIC’ close r2110uglI tc) collt,  ribute  to the
fadi]lg  process.

‘1’his description is most appropriate in this case since the ty]x!  ancl kind of obstructions arc
strongly dcpcl~dcnt  on the naiure of the road. ‘l’able 1 shows a sulnlIlary of the cllvironmcntal
f’caturcs  of the AMrl’  ru~ls.

3 Probability Density Model

3.1 T’heorctical Cons iderat ions

‘1’hc ~)rinlary  contributors to signal fluctuations in the land-nlobilc satellite channel arc mul-
tipath intcrfercncc  and shadowing [3]. hlultipatll  intc] fcrcncc is the destructive intcrfcrcncc
caused by the rcccptioll  of randonlly  phased rcf]cctiolw of the trallsll)ittcd  signal [4]. The
translnittcd  satcl]itc  siqlal  rcccivcd by the mobile tcrl[linal colmists  of three ~rlajor co]npo-
Ilcnts:

1. ‘1’11(’ I,illc-(jf-Sight  (1,0S) Colnponcnt  wllicll arrives at the rcceivcv via a direct path



2.

3.

‘1’he SIJccular  Cornponcnt  which consists of a small IIulnlx!r of rcflcxtions.  ‘1’ypically,
the dominant reflection is the ground reflection whic]l  arritw at tllc rmcivcr  at a
Ilcgativc elevation angle  and can be neglected due to Lllc attenuation cf{’ccts  of the
upward-looking receiver antenna [5].

‘1’hc Difrusc Colnponcnt  which consists of a large I)unllwr of weak reflections with
rancloIn  amplitudes and phases.

As SIIOWII in A~)pmldix A, the resulting fluctuations in received ]mvcr S arc clescribcd  sta-
tistically by the IIon-cmtral  chi-square distribution lJaramcterizcd  by the ratio ~ of direct
(1.0S) to diffuse signal power:

p(s; K) == F@(]+s)lo (M) (1)

Irl the event the 1,0S component is completely blocked, PC == O a]ld I_llc fluctuat,iol)s  in rcccivcd
I)owcr arc dcscrilml  statistically by the noll-ccntra]  clli-square dist ributionz [6]

1 s()--—p(s; o )  =’ -jO w~ - 
so (2)

where S() is the nlcan rcccivcd  signal ~)owcr.
SIladowi~qg  is the colnplcte or partial obstruction of the transmitted signal caused by the

abscrrption  and scattering of the incident direct signal by roadside trees or otllcr  obstacles
ill the ~)ath lMWCCI1  the satellite and the vclliclc  [3]. Nlobilc satellite cx~jcrirrlcnts  at, I,-
band [7, 8] S11OW that the effects of shadowing clolllinatc  the statistics of the rcccivcd  signal.
‘J’crrcstrial mcasurcmcnts  at IJII F [9, 10, 11] and X--band [1 2] SI]OW that the shadowing
l)roccss  is tl~)~)roxillltlt,c(l  by the log-normal clistributicln. Loo [13] and J,utz [14] have used
the log-rlorllra] distribution to successfully ~nodcl  the signal attenuation clue to shadowing
for the lalld-lnobilc  satellite channel. In this case, the statistics of’ t,llc lcsultillg  variatiotls  in
tllc Incall reccivcd  signal power SO follow

10 1

[ ‘-------
(1 o logs,,  - ,L)~

f(so) “ “~2;:;1fi~ -j(l c~l) ‘“‘“ 2cr~-- ‘-” 1
(3)

lvllcrc ii is tjll(: Incall ~)owcr lc~’cl clccrcasc  in dB allcl  crz is the Variali(”(!  of t,llc l)o~vcr level duc
to shadowing.

‘1’hc colnbination  of Inultipatll  illtcrfcrclicc and sh:idowing  Inallifcsts itself as relatively
ral)id variatio~m  about a 10CiJl mean signal power (due to the rnultij)atl]  intcrfcrcncc)  supcr-
ilnposcd on rdativcly  slow variations  in tllc lwccivcd sifylal power (d(lc to sliado~!i]lg)  [1 5].
‘1’llc sulml)ositioll  of the two proc~!sscs  is lnodclccl  by conditiol)irlg  orlc of the ~)df’s (1) or (2)

..—
] SUCIL  clJa[LIlels arc  usually mfcrmd  to as “Riceatl” since the cr]velopc of t}lc reu>ivd Sigl)al follcnvs  the

liicc distributiorl,
2rl’llis case is usually rwfmrd  to as a Itaylcigll  chanrld  siuce the cILvclo})c  of tlic rccciwd sigrlal follo;vs

Ll]c l{aylcig]l distributiml.

4



ou the mcau rcceivml signal power So axld usil]g the log--normal ])df (3) for So [15, 16, 17, 13].
IJutz) ct. al. extended this approach in a novel  way l)y iutroducirlg a “time sham” between
shadowed and unshadowed fading [14] to model the 1,-?xmd Inobilc satel]itc  data collected iu
Eurolx~. LJnder this formulation, the received signal ~Jowm follows tile non-central c%i-square
distribution) for tile unshadowed fading scenario and the cmltral  clli-s(luare/log-~  lorIi~tll  dis-
tribution for shadowed fading, ~’he parameter So in (2) serves as tllc conditional variable so
that the ~xlf of the reccivcd  signal  power is

m
P(S)  == Ap(S; K) -t- (1 -- A) ~ p(S;  O) f(So)(fSo (4)

w h e r e !  t]le tilnc share  p a r a m e t e r  () < A < I rcpresc!nts the I)rol)ortion  of total distancx
(or tilnc) Lhc rcccivcd  signal is sha~owe(~- ‘1’he nolion of til}lc share was also observed
by Goldllirsh  aud Vogel [18] ill wsamining  K-band n)obile  satellite data alld has also bccII

successfully al)plied  to the analysis of mobile satellite channels by Castro [19] and Vucetic
[20].

(Mm factors contributing to variations ill the rfzcivcd si:,ual I)owcr include tll~rmal
noise,  l“araday rotation, and ionospheric sciut]illation  [20]. Thr col~tribution  of tjllcse factors
relative to tllc fading caused by shadowing and multi~)ath  interfcrrnce  is so small that these
cflects may b(! igllorcd  on a well designed satellite link,

3.2 I)cscription of Measured Data

‘1’inlc  series for two represclltativc  runs arc illustratc(l  ill Figures 3 aud 4. Iu these ~)lots,
the received l)ilot ~mwer is llormalizcd to the! power of unsha(lowrd  lill(!-of-siglltj  power lc!vcl.
‘1’l~esc l)lotjs snow characteristics typical of lancl  mo})ile  satellite (ollllllllllicatioll systems:
shallow fades duc to ltlultipath  i]lt(!rfcr[!llcc  and deep fades du(! to shadowing su~)criltl~)oscd
on slow variations in the Incan signal  power due to cltanges  iu tllc slladowill~  Inofile of the
local  (!ll~’ilol)lll(:llt.

‘J’hc cul]lulativc fade distributions for several rf:l>rt~s(!lltz~ti~’c  ru]ls arc slIowII  itl l’igure 5.
.411 curves have a distinct characteristic: a “knee” at 2 to 3 dl~ si~;llifyillg  a tlrausition region
betvwxm fading due to multipath  intcrfcrmlcc and faclin{’,  duc to shadowillg.  ‘lllc curve is steep
for the first few d]] which is typical of lticean  fading. 1 k?low tl]c transition region, the curve
exhibits a )llorc gradual roll-of[ characteristic of au cxponmltial dqmndency.  ‘1’hcse  ~)lots
show clearly t,llc time share IIaturc of the fading ])rocesscs at K- bal Id. ‘1’his characteristic
shape has also bcxw observed at 1,-band [14, 21, 8], at S- and Ku-lMIlds  [21], and at K-band
[18]. The 1%, 5%, aud 10% fade cxceedanm  levels  arc ty~,ically IIscd to dcscribc  the slla~,c
of the histogram and arc t~lmlatcd  for all rum  of tllc ,\i L’Irl’ calnl)aigll  ill Table 2.

‘1’lIc results of the SOIC category I run wc!rc exI)cctetl. ‘1’hc alxm]cc  of obstruct, ions com-
l)illed ~vitll  the rejection of’ a~ly ofl-axis reflections by tllc nano;f-  L(IalIl  alltjenna  I)roduccd  a
signal with 110 a~)prcciablc  I]lulti]mth  intcrfercnco.

‘1’lle results of the category 11 runs arc mixed. For t hc llortll-sol~t]l  runs ~vhcre the laue
tjrcc gcoln(!try  lwovidcd  a rclativcdy  clear path to the satellite, the r(!sults arc promisirlg:  1 %
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fade lCVCIS  range from 8 to 10 dl~ while the 10% fade lCVCIS arc all about  1 d13. ‘1’he other
north-south runs were conducted on lanes too close to the trees for an unobstructed path
to the satc]litc  to bc continuously available. ‘J’hesc nins disr)lay smwrc fading with 1 ‘X, fade
lCVCIS  27 dB or greater and 10% fade lCVCIS varying from 7.5 to 30 d13. 1<’or cxa~nplc,  runs
072409- 072412 wcm all conducted in cliflcrx’llt  la]}cs of (Jlange  (;IOVO 1 ~lvd.  Tllc wcstcrrl
most ]anc (run 072409- the south bound right lane) provides the bcsi view to the satellite
resulting in tlhc lowest fade cxcccdancc  levels of I,}lc four runs. ‘1 ‘I]c fade cxcccdancc lmcls
bccolnc ~)rogrcssivcly  worse as the run lane IIlove  w{:st  culminatirlg  ill ru}l 072410 (north
bound right lane). ‘J’hc diffcrcncc  in 1070 fade cxcc(’clancc levels bctwccn the “best” and
“worst” lanes here is 25.5 clll. ‘J’hc channel characteristics arc cxtrclnc]y sensitive to lane
changes.

Al] the cast-west runs (runs 072405- 072408) show deep fades at the 1 % lcve] but ~wy
moderate fades at the 5% and 1 O’ZO levels. This characteristic is to bc expcctcd  since the
azimuth to the satellite is 150° (S S1-?)  so that routes with a roug]]ly north -soutl]  dircctioll
lnay find unobstructed “sca,lns” bctwccn  the foliage lil)ing the road. ‘Jllus the cast-west rlll)s
al’~ aS gOOd <1S thC bCStJ 1101’th-SOUth  lUIIS 90(% tO !)5y0 of the tilll(’ t)llt :11(? IIIUCh \\’01’S(’ ] ‘X Of
t,tlc ti~llc  sillcc tllc line-of-sigllt, pat]l is always skirting t hc tops of the trees. l{,uns 071016 and
071017 were lmrticularly  intcrcsti]lg  in that the routes had isolated locatiolls wllcrc the trees
produced s[!vcrc  shadowing but were relatively clear in all otll(!r a~cas. ‘1’his characteristic
is rcftcctcd ill tllc low 5(70 and 10(% fade cxcccdancc lc\rcls (~ 2 dIl) togctllcr  with vc]y high
1 YO fade cxccedancc lCVCIS  (W 25 d}3).

With OIIC cxccption,  all category III runs showed dccJJ fades ~vcll ill cxccss of” 30 d]) at t,h~!
1‘% lCWC1  and ranging from 27 to 30 dll  at tllc lo% IcwI. ‘lhc 10ILC exccl)tioll  was I{uI1 070906”
wllcrc tlll(!  oricntlatioll  bctwccm that particular lallc anti the tjrccs li]lil)g  the road allowed all
ullobstlructcd view of Lhc satellite for most of the run the sanlc (:l]:lltl(:telist,ic observed ill
tllc cat(! gory 11 ru]ls. ‘1’hc inability of the K band signal to pcnctratc  t,llc foliage together \vitll
the rc,jcction of of[-axis  reflections by the narrow’-bcaln  antclllla scvcmly  li]]lit t lIC rccci~’c(l
satcl]itc  signal.

‘J’l]c  1?0, 5%, and 10% fade cxcccdallcc  levels arc! h(lJ)ful  i]) facilitatillg  Collll)alisolls  lvit,h
other Incasurcmcnt  campai~;ns  in diffc!rcnt  locations and at diffc!rcnt  frcqucllcics.  As l)ointcd
out ill [21] t,l}c abscllcx:  of sta,rldard definitions for various cll~~ilorll)letltz~l  categories ~])akcs the
rc~mr~illg  of the results and conll)arison  of the results with other Illcl:lslll(?lllc:llt  cal[lpaigl]s
problclnatic  even w]]cn the environments for diflkrcnt (xpcrinlcnts  arc clnssificd  ill tl)c satnc
gmlcral categories. However, some gcllcral  conclusions may bc dra}tll from tllc data. ‘J’ablcs
3 {,0 6 sunlnlarizc  the nlost similar conditions from otl)m land-ltlol~ilc  cx~)erinlc]lt,s  rc~)ortcd.

‘1’hc 1,-band cxpcrimcnts  rcportwl  in [8] shmv that f{)r consta]lt  c~l\’ironmclk,  tllc fiadc cx-
cccda]lcc  lcvc]s illcrcase as t,llc alltcnna  beam pattern narrows wllilc Llic cxpcrilllcilts  rc])ortcd
ill [21] show that, for constant environment, the fade (!xcccdal]ce lcve]s incrcasc as frequency
incrcascs. ‘J’bus, as cxpcctcd,  the fade cxcccdancc ICVCIS for tllc ]l:ll)c)~~-l)cal~l,  K-baud  A Ml’
Cxpcrinlcllts  sl]ow dcc~)cr 1 % pcrccnt fade cxccx:dallcc ]cvcls  tl]an ttlc corrcsl)on(ling 1,-band
cx~)crimcl]ts. Wllilc the 1%, fade cxcccdancc lCVCIS  fo] the AhJ’ll exl)crilncl~ts  arc greater,
Illost of the 1 0(70 lCVCIS arc 10WC1. ‘J’his  shows that the tilnc-sllarc  charactcrist,ic of’ the fading
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prx)ccss  is Ir]ucll II1OIC ])mIIouIIccd  for the AMr~ experiments, ‘Ihc irlcIcasc(l  effect is due to

the colllbination  of the narrow beam antcnlla  and thr sever-c shadowi~lg  caus(!d by foliage at
K-band.

‘1’hc ALIT results arc quite similar to the K-band  rcsu]ts rcpoIt cd in [18] which arc sum-
marized ill ‘1’ahlc  6. ‘J’hc dif[crcnccs  are small are duc IIrimari]y to the diffmcnt cllviroll~ncuts.
(lomImred  to tile cxpcrimcnts  conducted in ‘llxas, the AMrl’ cx]miments W(VW performed
using a re(:civc a]ltenna  with a narrower beam-width at a lower clc~atio~l  aug]c. ‘J’llis  colnbi-
Ilation produced slightly deeper fade cxcecdance levels for what  a~)~wm to be roughly similar
c!rlvirolllll(!Ilt)s.

‘J’llc! tilnc sl~arc  characteristic of the cumulative fade dist~  ibut,iolls sugg(!sts a~)plication  of
the moclc]  deriw!d by l,utz  to this data. F@Ie  6 sho}vs  least square curve fit of (4) to run

072406. Nlot,c that tllcre is general agreement bct~vccrl  tile two curves rcillforci~lg  the time
sham nature of t,llc fading ~Jrocesscs.  Ilowcvcr, the cul vcs do not a:,rm well ill tile tjrallsition
region. ‘1’llis  effect is duc prilnarily  to antenna affects as follows.

‘1’lle azilnut,h  ])lal]e of tllc fixrd-elevation AM’ll arll  enna expcricllces  tile sal~lc ~)it,ch  and
roll as the vclliclc which, on tyl)ical  road surfaces, lt~ads to l)oilltir]g errors as higl)  as 4°
ill clcvatioll ?111(1 3° in :w,ilnuth [ 2 2 ] .  JVllcll  COUplcd Jvith t,}l~ lltll’1’()\\’-l)~:llIl  alltclllla, t,llme
~)ointing  errors  cause degradations in the lillc-of-sight signal  lcw:l Iy as muc]l  as 2 dI) [22].
‘J)hc Imiatiol]s in tl)e lille-of-sigllt  signal level affcctj  tlls sk]) l)ortion of  the  h is togram,
cs~)(!cially  ill tllc transition region (which is about 2 dl \ bclo~v tile ullolx+tructed  li~lc-of-sig}lt
l(!vel). ‘1’hc result  is a siguifical]t  diffcrcncc  ill the iu the trallsitioli  region bet,wmm tile
IIistogralrl  alId the Illodel which assLmlcs  a consta~lt  lilie-of-sight  sig[lal Icvel.

Tllc results of tllc curwc fittin?,  for all runs conduct(d  duritl~;  tllf  ~~l’IrJ’ l)ro~)agat,ioll caln-
~migll  arc suI1llrlarized ill ‘1’able 2. Several of the moclc]  curvm arc ]Ilargillal 2ir)1)10xi1[ltltio11s
duc to severe tllc scvcrc  (! flccts outlined ill the previolls paragrapil. 1“01’  IIlost of tllc I“UIIS,
F: w 20 d] 1 wllicll sllo~vs that when au ullobstructccl  line-of-sight sigllal is avail  at)lc,  t,hc c}lall-
nel is quite ,qood. ‘1’l)is  result is collsistcllt with results prdictled  irl [23] for a Ilarrow lx’alu
al~tlellna.  The sul]lltlary snows that the values of the tilne share ~ml a]uctjcr A arc quite poor
for category 111 ru]ls and arc varied for the category 1 I runs. ],utz [14] suggests  that, this
value indicates t,h{’ allloullt of tilnc the challncl  is avail a})le  for rcli:~blc  c~)l Ilrrlllllic?lti  cjll. IIo\Y-
evc!r, fade durat,ioli  statistics arc liccdcd to accurately l)rcclictl  t,l)is ~’:~lu(:, ‘1’hc fade duratiorl
st,atlisti(’s  are derived frol~l the discrete chan]lcl.

4 Discrete Channel Model

4.1 Theoretical  Considerations

‘J1lIe ])rolmbility dmisit,y IIlodcls  do not, p rovide  a cc)n\(:Ilie~lt  lnct 11(K1 for gcl~eratiug  repre-
sentative  t,ilIlc-series Silnu]ations  of tile fading events. 1 )igital clIaIllI(Il  Iuodels, oIl t,llc other
hand,  dcscrib(! tllc I)it error l)attmns  at the chan~lel outl)ut  all(l artI useful for si~~llllating  the
(!rror I)llrst,s  lvhic]l  occur on rca] cl]w]]lcls.

‘J’hc la]ld-~llobile  satcl]ite  cllan~le]  bc]ollgs to a class of chaunc]s  v’}lic}l  possess “mcIIlory”
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[24]. 011 such chanl~c]s,  the errors occur in clustms  sqmratd  l)y fairly long  crmr f’rw gaps.
I)igital  modds  which sinlulatc  the channel transitions from ‘(p)(md” to “h]” have I.)cc]l
pro~)oscxi  [24] -[31]. ‘J’l)csc l~~oclcls  attcl~l~]t  togcrlcrat[c  rrc)rs[:(~~lcl]  {[’s statistically consistent
with those al)pcarillg  on the actual channel. The lJlodel considfrcd  here is the two-state
Markovchai~l  illustratcdin  Figmc7first proposed b~(lilbrrt,  [32] to~nod(!l  t,llc:(!lrorl)llrsts
011 t(!l(!phmlc lillcs. ‘1’his Inodcl is suitable since it mq)loits the obsmvatio~l  that, due to
shadmvi]lg  ill typical Iand-mobile satellite ap])licatiom,  the rcccivd signal  pcnwr is cit,hw
IIigllcllougll  t,o~)c:rlllitl  cliablcco  lnlllllxlicatio)  lsolso Iowt hat sigllill ?lc:[~llisiticjlli  slost. T h e
Gilbert Itlodcl attmnpts  to recreatx the dual ]]aturc ofthc  bit cIIor l)roccsscs obsmd 011

a  channd with m(:lIlory. ChaIIIld  state O is an ideal error-free (:lIaIIIId  whicll II1O(1CIS  the

tiIllc WIICII  the chaIIIlcl  state is “good” md no Channel  errors  occur. Channd state 1 is ;a

binary sylI~Ill(:t,IiccllaIll)(:l  with a transition probabili(yof  1/2 which modelsthc  tilncwhcn
the chanllcl  state is ‘(bad” and error bursts occur. St,atm () and 1 corrcsljolld to Ilon-fade
events and fade events, rcspcctivcly.

'l`l~csttit,(:  tr:~l}sitic)I~s:]rc  (lescribecl bytllcstz~t(:  tr:~llsitioll~  )1( Jl~:~l)ilitic:s\\l  licll arcusual]y

given by the “st,atc  transition matrix”

P =

where Iji7 is tl)c prol)al)ilit,y  of a transition
lnodc]  is””crgmlic  [33] tllcrc is an associated

~=

~vhcrc 7ii is tll(! ~)rol>ortion  ofthc  total t,ilnc

“longrun  (Iistriblltion’$

[ 7r[) 7r1 ]

(5)

Sillcc t,llv Markov  chain

(6)

that the pl ocess is i]] sllatc i after a “lo]lg  tilnc. ”

p~() “D”
270 =: - . . . — — . — -  .. =.=. ——

p(j, +p,o 1)()+ I),
(7)

W1l(!lC  l~j is tllc! 111(’2111 dl$’(!ll time ill state i and is givcll  by [33]

(9)

‘1’llc Gilbert, ]]lod(’1 call I)c used to dctcllllillc  th(! statistics of t]]c fade slid ~lo~l-fade
duratfiolls.  When ]ncasurcd  ill distallcc (meters) tllc fade and noll-fa(lc dllratioll  arc dcllotcd
1~J<,(7n)  a~ld 1~~(~)1), rcspcctivc]y. When mwwur(!d  ill b i t s ,  lI)cJ ar(! dcnotccl  l]}<(b) aucl
Djv(b). ‘1’l]c state transiiioll  I>lob:lijilitiesJ~OO  and p~l arc on a bit I)y bit basis so that the
])rolml)ility  l~N(b) or l~l(b) CXCXWIS  Tt bits is equivalent to tllc ])robal)ilit,y t}]at tlIc h’larkov
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chain dwcl]s in s
arc given by [33]

:Lt(! o or 1 IoIlgcI’  than ‘?2 “stj(!ps.  >’ ‘J’hese )robalbilitics  arc we]] known and

PI{ D~(/)) >n} =  p:.
I’r{DF(b) > 7 1 }  = p:l.

(lo)

(11)

arc the Incall dwell times in states  O ancl 1 which arc given by llquation  (9).
For a giv(w salllpling  interval T~, vehicle velocity v, and trarlslllitted  bit rate Aj, each

sample rc~)rcsmlts  pilot tone power data through 7~ sfIconds, v7~ ]I]ctms, or R~7\  bits. Thus
I)N (L) and D],(b) am related to I,)N (m) and DI:(m)  I)y

D~ (m) = ;; 1)~ (b) (12)

D]{(m) == ;; l),<(b). (13)

Note t)lat  using this model, ~]N (~n) has an cxl)oncnti~il  density lvhich is consistent with tllc
rcsult,s of [7, 19, 34]. ‘1’hc Gi]bcrtl  model also g(!nmations an cx~)ollcl]tia]  dcIK+ity for Dl(m)
which is inconsistent  with the Gaussian behavior postlllatlcd  by liicc [35] and the Iog-llormal
lxhavior  observc!d by IIasc, Vogel, and Goldllirsll [7]. ‘J’hc Iiicc lcsult  dcscribm  the fade
duratiol]  duc to multipath  intcrfcrcncc. ‘]’hc duration of these fades is quite short compared
to the duration  of fadm gcncratcd  by the shadowing I)roccss. ‘1’11(’ log-normal distributio~l
is good Inodcl  for tllc duration  of fades of Ino(lmatc d(:])tll  and lcl]~,th  [7]. lflxl)crilnental  re-
sults  at 1,-band illdicats  that the durations of lollgcr,  clccp(!r fades iil’(! W(:1I approximated by
the cxpollcnt,  ial distributio]l  [14] ~)mduccd  by tlic Gill)crt ltlodcl. II) the Ahl’1’ oxl)crilncxltsj
shado~vil)g is by far the lnost dolllina~lt  cause of fades cs~)eciall~’  tllosc  with longer dura-
tiol]s.  ‘-1’llus it is cxpcctcd  that the fades of relativcdy  long dum[ iol] follow tllc mq)oncntia]
distributiml  wllilc those of shorter duration do Ilotj. ‘1’llis cllal:lctclisti(: wws olx+crved  in the
Incasur(!d  data and will lx discussed in Section  4.2.

4.2 Description of Measured IIah

1 Iistogralns  of tl~c distributions of’ 1~~ (b) and 1~1,  (b){ dcri~’cxl  froIIl II]casud  pilot tone
data wcw IJlottcd 01) a log scale (whcm the exponcnti;tl  distril~utiol~ is a straight  line). To
dctjcrl~lillc  suitable values of state transition  Illatrix  1), a least-sqllares  straight-line fit to
that ])ortioll  of’ tll(! data rc~)icscnti]lg  long fade durations defines tllc hcst fit of t)hc data to
tlllc  cxlmllclltial  distribution. ‘1’l]c slope of the lin(! dclcrminm  tlIe value for pOO or p,] (SM:
I’;quat)ioll  (1 O) or (11), rcs}wctivcly).

Figures 8 a]]d 9 snow IIistogranls of the distributions for l~hr  (IJ)  aIld DP(L)  dcrivd  from
the Illcasllrcd l)ilot  tone data for a lc~)lc:sclltativc  rurl Ilsillg 1, =-- 6 (111 and 1/6 =- 9600” b~x+

SA fa&, OCCLIIS w1lCI1  th(J r~~~(!iv~ c1 ~)ilot pcnvcr level falls IX’1OJ4  a threshold wllicll  is 1, dll MOW the litic-
of-sight power rcfcrm)cc  Imd. ‘1’ww cases  were collsidcml  in th( data analysis The first used 1, =- 6 dll
wliich  is tl]c link ll)argil~  available on the AMrl’  cxlmirncllts w}lil~’ the scco~Jd case used 1, = 10 dll.
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for v =: 48 km/hr. For this data set, 7rI == 0.049, Tlie plots also iuclude the straight line
a~)~)roxilllation  which rcprcscnts  the best fit of the data to the cxlml]clltial  distribution. “1’hc
resulting values arc poo =: 1 – 5 X 10- G and pll == 1 – 6.95 x 10- ‘.

For slna]l  values of n, the histogram does not follow th(! straight, li]lc alj~]roximation.
‘J’his is duc to the fact that tllc fading process is a IIlixture  of lnllltilmtll illtcrfcrcucc  and
shadowing. Short fades am duc primarily to multipatl)  iutcrfmnlcc  which is descrihcd  more
accurately by the’normal distribution postulated by ltice [35] and outliucd  above. The fades
of mcdiuln  duration seem to follow the log-llorlnal distribution [7] wllilc the longer fades due
solely to shadowing arc ap~)roximatcd  by the [!xlmnc]ltial  distribution. ‘1’hc Gilbert model
thus provides a nice first order a~)proximatio]l  for th( statistics of the fade durations CIUC
to shadowing which is the primary contributor to signal  dcgr’adatio]l  in the land-mobile
satellite cnvironlncnt.  Fades due to multiJJath fading may lx’ incor~mratcd  into the digital
model by cnlargiug  the number of states and assiguing suitable transition ~)robabilitics  [25]-
[31]. It should bc noted, however, that as the models represent the cham)el conditions
]Ilorc and nlorc accurately, the comp]cxity  tcllds lo all analytically llllwicldy  model which
neutralizes ally advalltagc  gaiucd from considering tile model ill i 1](’ first I)lacc.

‘1’11{; l)aralnctcrs  of the Gilbcr[, model for the ANIT ruus arc sllnllrlarizml  in ‘1’ablcs 8 and
9. l“or a bit rate of 9600 bits/see and a fade threshold of L = 6 cIII, average  fade durations for
catc~ory  11 runs range from a few hundred to a few thousand  bits \vllil(!  for ty~)ical category
Ill ruIIs, the average fade durations last 3000 to 8000 l)its.

‘1111(1 lmranl(!tcr 7rl provides au cstilnatc  of the ~)rol)ortion of’ tll( total  time (or distlancc)
the run cxpcricllcm]  a fade. 11’01 a fade threshold of 1, = 6 dB, the best, category 1 I runs show
1 % to 5% signal outages while the bad Catx!gory  11 runs show 22(XI 10 49% signal outages. A
t},l)ic:l]  ~ilt~goly  ]]] ILII1 S]1OWS 33(% to 52(fil signal ol]t, ap,(>, If tllc fadr tllrcsllold is drop})cd to
1, = 10 d]], tllcll  the best signal  outages for tllc Lest category 11 rlllls range frolll less than
I % to about 3% while the signal  outages for typical c;~tcgmy 111 ru]]s dro]) IXI1OW 50%. As
cxpcctcd,  link lnargin  lnay be exchanged for illcrcascd sigual  avail:~~)ilitjy.

‘1’here is only <~” weak correlation bctwcxm the sig]lal outage (7I 1 ) and the average fade
duration 1~},,.  ]n general ruus wit]l ]ongcr  avc!ragc  fade durations suff(!r from illcrcascd signal
Out!agcs. ‘1’11(!  signal outages on sonic  runs arc (lue to a few loIIg fades (these have large D~)
wlli]~ ot,ll~l  r~llls ~x~)(:ri~ll~~  a, lalg~ n~lml)cr  of snort  f“a(lcs (t,ll(:S(’ lla\r(! Slllall j~~,). ‘1’1111S a

CO]III)lCtJC (:lltlract~:liz:ltic)]l  of the cllanncl  shoul(l includ(! tllc scvcritj  of tllc fad(’,  t)hc average
fade duration, and tllc signal outage p(!rccntag(!.

‘1’o facilitate co]lll)arisons  with other experilnents  tllc average f’a{l(!  duration ill Iuctcrs arc
illcllld[!d ill ‘J’ablcs  8 a]ld 9. ‘1’he data shows that, for 1, = 6 d]] the averages of the avmagc
fade durat,io]ls  for catcg’ory  ]] and 111 runs are 3.3 mcl(!rs and 6.4 ll)ctcrs, rcspcctivcly  wllilc
for 1, =- 1() dll  tllcy  arc 2.7 meters and 4.4 lnc{crs. As expected, tllc average fade durations
dccrcasc with increasing 1,, althoug]l not by much.

A coln~)arison  of these results and tl~c mean fade duratio)ls fl onl other cxl)crinlcnts  is
summarized in ‘J’aMe 7. ‘1’hc rcsu]ts of the Iturc)Iwan  1,- l)and cxpclill]e~lts  arc taken frolll [14]
(the higl~way  run is tllc category 1 run and the city, ,]n is tllc category 111 run) while the
results of tllc Australian ],-band  cxl)crilncmts  \vcrc tak(n fro~n [7] (1 UI1 342 is tllc category ]]
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run mcl run 409 is the category  111 run). TIIc fade durations dclivc(l  from the AMrl’  data
am about cmc-eight]l  those of the European 1 ,-ballci (’xpcrin)ent,s and about  five f,irncs those
of the Australian ],-band  experiments for t,h(! category III runs. ‘1’hesc diff’wmms may be
explained as follows:

1,

2,

‘1’11(?

lk~tll 1,-band experiments used
tllc K-band  ANIT antenna.

IJor the European experiments,
direct co~nparisons  JJroblclnatic.

antcnIlas  with significalllly

the fade threshold L varie(l

wider bealn-widtils  than

froln ru]) to run making

results suggests that  in contrast to the 1 % fade excmdarlcc  levels, the average fade
d~lrtit,io]ls  fc)r t}lc  AMrl’ cxlxminlcmts are Ioughly the same as thosr  of silllilar exl)criments  at
IJ-l)aIl(l.

5 Summary and Concluding Remarks

‘1’l]c derived prol)ability  density model shows that tllc 1% fade rx(r(!daIlcc lC!VCIS at K-baIId
arc mucl] l)igl~er thzan those at L-baud  while tlie 10UA) fade cxccdailcc  ICVCIS at K-band am
lowc!r. ‘J’his bcllavior shows that the K-band cl]annc] is more likcl,v to IN: cxtmnely  “good”  or
extrclllely  “bad” than somewhere in between. ‘L’hc: ch;~ractcristics  of the cumulative density
functiol)  arc stro)lgly del)clldcmt  on environment cvcn which la]lc the vcliiclc  is in. ‘J’hc
(!xtrmncs SCCIJ] to lN? much lnore severe at K-ha,I)d th:~n  what }]as l)ccrl  rel)ortcd  at 1,-lmrld.
‘1’his is duc to tfhc incmascd scusitivity  of the ANIg’ 1{< band systclll  to tllc tilnc share Ilatum
of t)llc llllllti~)atll  alId slladowiug Contributions to the fading ])ro(css.

A discrete tilnc nlodel provides insight into the bllrsty ]]atum of tllc errors  illduccd by
I)rol)agatioIl  efh:cts 011 t,llc channel. I“or a data rate of 9600 bits/sc( and a fade threshold of
1. = 6 d]), tllc averagv  fade duration is 011 the order of a few thousand bits w’llich corrcslmnds
to a fade (Iuratioll of 2 to 5 ]Ilctcls.  ‘J’hc fade durations arc t~’pica]  of those at IJ-band which
sL]g~ests t]lat, Ivllilc  tllc K-band  fades are more s(!verc than those at 1,-band, t,hc durations
are a~)])roxilllatcly  the same. The discxcte  time model  also l)rovidcs il)sight  into the signal
Outiage  p(mxmtages. ‘J’he signal outages range from - 2% on goo(l  runs to as high as 52(%
01] bad runs. Again, tllc! difitwenccs  bctwccn Rood a]ld b a d  Collditiolls arc exagg;eratccl  by
the extrelnc  attclnlatioll  duc to shadowing at K-bane] togctller with tllc rejection of most
of I-axis rcflcctliol]s by the ll:~llc~~~’--bcal]l  antenna.

A collll)lcte  cllfllactlcIiz:ltioll  of the chalmcl  shou](l  include t 11(! fade excccda]lcc  lCWCIS,
the avc!ragc  fade durations, a~ld t,llc ~mrcclltagc  of’ sigllal  outage. ,411 tllrcc yield inl~)ortant
inforlllatioIl wllicll dcfillc t h e  requircnnents for mliablc colllll)lllli(tlllioll 011 tllc cllanllel.  }“01
exalnl)lc,  a large 1 % fade cxcccdance level is (!ilSilJ’ ovcrcomc if tjllc  a~’crage  fade duratio~] is
slloI”t.

W]lcll  K-ba]]d is usc!d fol mobile satellite cC)llllllll[li(::Ltiolls,  care s]]ould be taken  to cl]oosc
:Ll)l)Iol)l’i~ltj(:  covcragc  ellvirollmcnts (e.g. freeways free of liuc-of-siglll  obstruct ioxis). For cllvi-
ronlllel)ts wllcre frcquellt  lil)c-of-si.ght obstructions arc ullavoidal)lc, tll(’ 1 ‘/0 fade Cxccdance
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lCVCIS  arc too scvcrc  to b(? covc!rcd by margin itl the link budget. ‘1’l~c  fade dl]rations  seem
to be OII tllc order of those cwcountcrcd  at I.-band suggesting interleaved P’EC coding as a
~Jossiblc  Incthod  for lnitigatillg  the eff’ccts of fading.

A Multipath Interference

N@ccting  the spcmlar colnpollmlt  and thmnal noise, the I)iloi tone signal rcccivcd by the
nlobi]c  tmninal  is

wllcrc I?L is the mllJ)litudc of the i-th  indirect reflected signal, Awz is tllc diflemncc in rjO1)l)k
frequency shifts between the z-tll indirect rcflcctcrl si~’,nal  aud the (Iircct I ,WS signal, and ~,
is difli:rcllcc!  ir] l)llasc l~ctwcm tllc i-th  rwx!iwxl  signal  and the direct llOS signal due: to t,hc
diflkrcllcc  ill lmtll  lcngt]ls of tllc two signals. ‘J’he aml)litudcs 1~, tllc lc!lativc  l~ol]plcr  shifts
~W1 , MI(1 t]l(:  r(d21tiV(:  ])]laS(X  (/)~ :11’(!  IIIUtUdly iIld(!~C!Ild(!Ilt I’2H1[]OI11 ~) I”O(XXSC’S W]l(!N! (!dl (j,

is assumed to be u~lifornlly  distributed on [--n, n]. ‘J’he second  t(!~ln in (15) rcprcscnts  the
diffuse coln~mllc!nt  which may bc cxInmsMl as

l’or AI’ suf[icicnltly  large, NC(L) allcl Ars (t) am approxilnatcd  by llarrow-balld  s ta t ionary  in-
dc~)clldclltj  Gaussial] randoln  proccsscs  with zero mealI and colnttloll  varimlcc a;. ‘l’husj t h e
mcci vcd signal power

,S =- (IJ -I- Nc,(t))2 + A’,, (t)2 (1s)

is dcscribccl  by tl)c lloll-c(!lltral  clli-squar~!  probability t lcnsity  fullct ion [6]

(19)

WIICIX!  l.(. ) is tll)c lnodifid IIcsscl fullctioll  of the first kind of zero order. l~y nornlalizing  the
rcccivcd  li]lc-of-sigl]t  pilot power to unitJ’

(21)
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p[S) ]nay h: paramctcrid  and assume the fcmn

(22)

Wllcll no lillc-of-sight signal is present, D =- (1 and the IJrobal)ility  dmlsity function of

s== N,(t)’ + N,(t)’ (23)

is the well known I]c)n-ccntra] chi-square pcif [6]

(24)

111 tl]is case 2c+ is the mean received signal powwr S(,. Since l) ❑ - O iln~)lics  K = O, the form
(24) is a sljmial  case of (19). ~’llus, (24) is usually cxpressec] as

s
{ }

p(s; o) == -1- [!xp - ;– .
so Lo

(25)
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‘1’able 1: ltll~’ilc)ll~l~clltal  CXlaractcristim of .AMrJ’ I’~olmgation  Ituns

L_RI_JN @T.

El=

02020- 1 ‘“ J
070901 II
070903 —111
070905 - IJ”
070906 III
070907” 11
070912 “IF

E-
070914 m
071016 11
“671017 11
072405 11
072406 -11
072407 11-

t)72408  11
_072409 11
072410 11
072411 11-
072412  11

L) IRECTION j TEILRAJN~OBSTILl~(  ~;l’lt)-NS .–J— —— .. —-..
West s traight l~illy

—.
Ilotlc

sout]l, right lane Straigh; flat
- ~.;;;l”’ ‘-”–-”-

Ilortll- Cm’ved f i a t treei?:  &llo~)ics cover road
— . - . — — —-——

nort,h, right l a n e straight “11 at
– ~li(ji, - -  - - - - - - - - - - - - - - - - - - - -

south curved flat ~:::’:___________  _ _ _ _‘: cano~)icx  cover road
north,  left lane straight flat
south Curvccl hilly –

—:.3-----  ;- . . __________________
tmws : carloj)ies cover rozLd

Ilortll curved hilly ‘- txks~; “““(<i”riop”i[!s  cover  road
—. _—— ___

nolth/south Curvccl f l a t t,.ccs4 ‘
——

IloIth/soutll curved f l a t trrx!si  “  ““--–---—’-—”-  –

cast, l e f t  l a m s t r a i g h t hilly ‘trcd-llti]ity  l)oles ‘-
-——— _-—

w e s t ,  left  laIlc straight hilly ‘- trd, ;l~ility  i)olcs
cast,  right  lane s t r a i g h t f l a t trcc:s~; -l]i-ilily”  ~)olc:s,  l)uildiIlgs

Wcstl  ri~ht l a n e s t r a i g h t flat – trcX7~llt”ili(y ~)olcs

south, right lane straight fiat tr’ecsi  -

north, right lallc straigl]t “flat ‘“ t,rees~”
South, left lal]c straight flat-—-. . .

tlc(:s[ - ----- _____

north, k!ft lane straight ‘flat trecsr——_. ..—

Jtalia[l  Cyprus,  Palltl,  CaliforlliaSyca~rlc)rc, l)(:l(lc)l:~Ccclal
Ficus (aka Irlclian I,aurd E’ig), l):ltc  l’alHl.
l;ucdyptus,  Pan a~ld Date  I’alm.
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R U N

b202@l
070961
07090~”
070905
070906
070907
.07091”2
070914
07ioli-
071017
072405
-072406
072407
072408-

072409
072410”
0724 ii
072412

‘1’alie2: Summary oflk!st Fit P’or20GHz l)atallsiI]g’lllc:l  Jlltz Modd.

CA1’.

1

11
111

11
i 11

11
’111
’111

1)”
‘]j-.-

11
11

‘11-.
11

‘]]

11“

11“

11

[..-_ .._- -..__.

1 ‘1------ ‘---7 1%

o:040-t  28.4t --Ii --21.37 t---–”” ‘“”8.0
0.433 t 21.1 t -20.8-t- --o.(x-t >> 30.0

o.o~ii “1--IS2-t J i-d ““----ii ~‘1 >25.0
0.032 t 17.7 1“--”i3~  6.671 22.2
6.231 16.2

$““f=l-E:-=’”

-13.7 11.14 - > 30.(1
0.124 -“20.j --2.7 lo.3i- 23.0—.-—
[).343 22.3- -21.0-- 1.48 :>> 30.()
0.145 27.1 - “198.s ---13.99 2iTo
0.106 2:; .5 1.4 –37,9$  —  ‘“—X5
[).548 t -’ml- --llz l---K iKi.9.9 t :’–> 30.0
io10 t 19.2 /--- 12.7 t 6 .071---” -- ‘ - l O . O ”
3.213” t W.d “ - lld 3.83 t 30.0

L  .  ..1–– . - . _ — .  L . - — – - — –  -  L . - – . –  _ _ _

““‘r ‘------.
5% 1 ()%

FAIJ1; I/EVNI, FA1)E LEVEL

_ _ ([11]) ((ill)

‘ -  0 . 2  [“ ‘--—”---0:1’”-
. ..L . _ - – . . .  - - – - — _ -  -

16.01 ‘--- 7.5
>“30.0 [ 27.0

1

>> 30.0 I >30.0

_ .—-.
>30.0 l--- 26.5 1

‘t -----’-2.0 ‘- 1.5
16.0 9,() I., )
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‘J’ab](!  3: l~ad[?  I; XCCN]MICC Results froln [8] for 1,-lM nd with 510 ltlcvation  AIlgle and ‘1’wo
IImciv{! -Arltcnna  Gain Pattmns: oIIllli-azilrltltll/55 °-(lc~~ati(J11  fbr liuus  322,343,359 a]ld 45°-
:izil Illltll/~15°-clc:  viltioll  for ltuns  406,409.

1% :) % 10 %
FADE LEVE], 1+’ADI  I, EVEI;L  11’AI JE I,INEL

Cfl’r. (cm) (ml) ((II!)——. — .—. —.
]iun 322 11 10.0

30.. ---
1.0

ltllIl 343 111 >15.0 > 15.0 14.()
ltllll 359 11 10.2 5.5 2.5
liun  406 II 16.5 10.5 7.5
ILu]l  409 II 24.2 15.() 12.()

‘1’abl(! 4: F’a(lc l{;xcccda~lcc  ltesults  froltl [14] for 1,-hal]d  with 43° li]rvatiol) Angle all(l  IIcnli-
spllcrica] ILcccivc  Alltcnna  Gain I“)attern.

1 % [) %
1~’ADE L&;vEL 14’AI>E LEVEI,

~AT. (m) ((ID)
city -  ‘~~j-”  -  ---–-----27:$  _ . . . _ 23.0
lIigllway I 3.5 2.0

‘1’al)lc 5: h’adc ltxcccdance  l{,csults  fro]n [21] for 1,-, S-, and

10 %

l~Al )1; I, J;VIH,
(:11])

21 .()
1.5

l<ll-l)illl(lS writ, ]l 60° }!lcvatioI1

AI)glc a]]d 61°-~~zilIlutll/640  --(:lc~t~tio11 for I;- an(l S-ban(l ll,cccivc ~llltcllllas;  800-azilllut,l~  /800-
rlcvat,ioll  for 1<11-lmnd  ltcccivc .Alltcllna.

1% 5 Yo 10 %
FADE I,EVEL FADIC  LEW+L  ]1’ArII;  ], IWNI,

(“; Al’ . (ml) ((11:) ((111)

Jrhl[i - 11 16.5 ‘“ 8.0 ‘$. (I
s - b a n d 11 18.5 9.0 6.0
Ku-l)alld  11 27.5 19.5 13.0

‘1’al)lc 6: l’:ldc l;xcccdal]cc }Lesults  from [18] for 1<-ba])d with 55” l;lclwtio~l  AIIglc itl ‘1’(!xas
a]id 55° }llmmtioll  AIIglc ill Maryland; 27° 13caInw’idtl] ILcc(!ivc  .llltclllla.

1 % :) % 10 %
~.4DE ~, EVEl, ~“AD1: ~,EVE1,  ]1’A1)l!  ], EVB:l,

~A’r. (cJIJ) ((H;) ((11])
IIastrop>  ‘J’X ‘-  IIJ 28.() 20.0 “iS.ii
Austin, ‘1’X 111 32.0 24.0 21.0
Aust,i~l,  ‘1’X 11 15.() 9.0 7.0
ltt.108,  Ml) IJI 24.0 15.() 11.()
IK1’.295,  Ml) 11 14.0 2.5 2.0
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‘J’ab]c  7: Mean F’adc Duration  Colnparisolls

AM,ll  ‘- - - -

K-band
AM’J’
K-l):uld
l’:llropcan
L-band
A-ustralian
1,-l)alld

(i—

10

variable

5

-.
~i’Al>l+; I)URAl IONS

CA l’EGO1{>r
J

.—

17.0111

11 111

==-””:~.3 111 6.4  111
- .

2.7111

- - - - - 1 - -

4.4 111
—.

--k49.0 1[1—.

().4 111 1.2111



‘1’able 8: ltun  Summary l’or 20G11z  l)at,a With 1, : 6 cIII lJSiIIp) ‘l’lie Gilbert,  Model for
lib == 9600 bits/scconcl.

~::u:RUN

07090i
070903
07090i
070906

‘0709(i7
070912
070914
ti71016
07iili7
072405
“i)72406
072407
072408
07240ti -

072410
072411
072412

II /] 11,6 I 0.402

jiil 11:6 “-- 0.083

IIIT  7,6 I 0 . 5 2 8

-11-tt----13:~  t-j,~jg
[1 _––-..  -–..–-L—.  —

11 1----- ‘-- I
12.5 0.256

11 13% 0.053
II 11- 13.8 - I 0.012

IL.  —...  .  .  . . .1..  ._—

poo-” ‘-1-- ‘“----pi]——.—— . . .
0.999994 %-.998724

_o.999935 ().99 !)82~
0.999911 ‘(),999748—-
0.999991 0.999646
0.999997 i):999571——_. _—
0.999958 0.999899
0.999957 ().!399888—-. . .—. ——.
().ggggg3 ().999678
0.999994 8.999669
“(j~”iJgg48 –~:yjgg~
0.999995 0.999305
0.999961 0.99!)7’44
0.999991 0.!199411
0.999992 0.9!37759
o.gg(J&jg-- ‘O~gg~8~_——_. .—— — -—oggggg~ –o,99(J3~7

G.999973 0.999475

———
r)N(b)——

162241. — —
15362—— . .
11204

112979
337618
3254:18——. . .

23435
1424’?7
174611
‘-1 93(i!l
194135
25638

105727
125127

5237
219951

-“37064

-—
1),<(6)

784

]]N (7n).—
226.0

18.6
13.5

115.3
408.0
286.1—.

18.5
172;2
211.i”

28.g—
271.0

33.4
152.0-

-~7ij:lJ

7.8
348.2.—

55.2-.

l)},(7n)

1.1
6.9
4.8
2.9
2.8
8.8
7.1

‘3.8
3.6
7.5
2.0
5.1
2.4”
0.6
4.7
2.5
2.8



Ii?I)  == 9600 bits/sccoIld.

l’;:l=f:~’-07iol 7 “- 11 lJ.6 0.031
072405 - 11 14.3 ‘0.101
072406 11 ‘- 13:~- “- 0.037
072407 11” 12.5 0.239. . . . . .
072408 Ii 13.8 0.038

L .  - - - - - -  — L .  — . Ii . _  — - _ _ _ .  L - - - - - - -

j’)oo

0.999994
0.999935
o.9~9~2~

0.999993
0.999979
0.999951
~gj$j~(j”
0999993

0.999995
0.999957
0.999997
0.999961——— —. —.-
0,999990_-— _
figggg]

0.999996
0999977

]J~I

‘0.9942~]

-0.999716
0.999693
_O.99!1625
().999403
iL999798-— —.- —-—
0.999877
0.999655
().999585
?):999547
(j:jg8@jzj
(=j:j99730
—. .. ——— ——
0.999383
0.995307

0.999613
0.998’j~~
fi, jgtjj~j
-. . .— —-—.

——
D~(b)—-— .—.——
173119

15403
13823——-— .

144765—— .—.
48104
20475
16661

195219
-_2305~”
395585”

25897
100063
110503

12859
227516
44086

. .—
Dp(l))

174
I)fv(?lt)

241.6
18.ti
16.7

i47.8
‘-58.1

18.1
13.2

l(jQ]-

235.9
34.3-.

5%–2.2—
33.7

143.8
158.8

19.2
‘- 3(X).2

65.7

L)}!, (? IL)

0.2”

4.2—.
4.8
2.7
2.0
4.3.—
6.4

“3.i-
2.9
3.3”
l.i
4.8
2.3
0.3
3.8
0.9
2.8
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on the Keck 10-m spread over - 142 pixels. Thus, assuming uncorrelated  errors in relative pixel

positions, the required centroid accuracy for each pixel is 0.0024 x d] 42 = 0.029, well within current

capabilities (Monet et al. 1992).

Systematic errors in pixel locations due to, for example, step and repeat errors in the CCD

fabrication, also introduce errors into the astrometric analysis. Shaklan  & Pravdo (1994) discuss a

method to calibrate such systematic errors. Shakkm & Pravdo (1994) and Shaklan et al. (1 995) have

demonstrated calibration accuracies in excess of our requirements. EMEngton  et al. (1990) has

shown that CCD photometric and dimensional stabilities are more than adequate for this experiment.

Thus ucc~  is negligible.

6.4 Optical Aberrations

Astrometric  accuracy can be limited by optical aberrations, especially distortion (Gatewood 1992).

For large apertures and small fields of view aberrations are small, For example, Figure 5 shows the

as-designed distortion for the Keck 10 m across the CCD field of view. The telescope has low

intrinsic distortion and also low sensitivity to motion of the seconda~  mirror. These effects are

negligible compared to other sources of error.

Another issue for the Keck 10-m is the effect of the primaiy segments on astrometry.

Astrometric performance is insensitive to aberrations on the primaly since all stars are affected in the

same way. The Keck segments are actively aligned to 50 mas. For 36 segments this implies that

centroid motion due to one segment will be l_40_o_uM,  ~herefnre tn achi~w.  n ~tm~~+r~m  -D--,  ~r~ -~~ -t.- . . .



-1 0°/0 of the overall centroid  motion, This is expected to be the case since segment misalignments

are well within the seeing disk diameter. Thus aa~ is also negligible.

7. PROGRAM DESCR1PTION AND ANTICIPATED RESULTS

7.1 Telescopes and Sites

We compare the performance of three telescopes and sites to determine the effect of telescope

diameter and other parameters on a planet  detection program. ‘We use our 5-m results and

extrapolate to two other telescopes: the Palomar 1.5-m and the Keck 1()-m, Table 3 lists the relevant

parameters for the comparison. Most of the discussion will relate to a program with the 10-m

telescope since it has by far the most potential.

For the three telescopes considered the fields of view are chosen by balancing two competing

effects which relate to measurement noise and the ability to model the field. Smaller fields have

fainter reference stars and thus have more photometric noise. Larger fields have brighter reference

stars but more atmospheric noise because the attnospheric  noise in the relative astrometric signal

between stars is proportional to the stellar separation in the small angle limit ($ 1.2). Larger fields

also have more reference stars. This allows abetter deterlnination  of the field model (e.g. Eichhorn

& Williams). A minimum of four reference stars is required to determine a linear model of the field

and solve for the reference star parallaxes and proper motions. For small fields and small optical

aberrations a linear model is usually sufficient. In the cases where a quadratic model gives better
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results at least seven reference stars are required. At the Keck telescope a field of view of 84 as

(Table 3) yields an average of 8.6 reference stars with Vs 21 at b“ = 30 °(Allen  1973). A limiting

magnitude of V = 21 was chosen because these are the faintest stars that can be used as statistically

significant reference stars in the observations.

Reference stars form a reference frame with an effective brightness which depends on the

intensity and spatial distribution of the stars. Monte-Carlo simulations of reference fields show that

the effective brightness is 5 times fainter than the summed light of the frame (see Appendix). For the

Keck telescope, this translates into an effective reference frame magnitude of V = 19. The reference

frame is effectively Y= 17 at the 5-m telescope and Y= 16 at the 1.5-m. In the analysis discussed

below the reference frame photometric centroid noise, OJ,, is computed by fitting a Gaussian profile

to a star with magnitude equal to the effective reference frame magnitude. The Gaussian was fitted

with a weighted lease-squares algorithm, where the weight of each pixel in the sum of the squared

residuals is given by the summed variances of photon noise, detector noise, and sky background. The

algorithm is discussed in detail by Stone (1989).

For purposes of comparison between the 10-, 5-, and 1.5-m telescopes, we choose fields of

view that have the same average number of reference stals. The Keck field is the largest that fits on

a current large-format CC]). The linear sizes of the 5-m and 1.5-m fields are smaller. In all three

cases, the attnospheric  noise is substantially worse that the photometric noise and is the limiting factor

for astrometric  accuracy. For example, the atmospheric noise at the 5-nl as derived from our results

is U. == 150 ~as Ar, while the photometric noise is UP = 71 pas hr.
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7.2 Target Stars

As shown in (8) the astrornetric  signal depends inversely on the distance to the star. Thus

nearby stars are the best candidates to search for planets using this method. Our source catalog for

stars withtn -25 pc of the Sun is the Preliminary Version of the Third Catalog-ue  of Nearby Stars or

CM’3 (Gliese & Jahreiss 1993). CNS3 contains 3802 stars including 3 B, 73 A, 264 F, 486 G, 772

K, and 1097 M stars. We also treat 639 stars with color class “m” as M stars based upon their colors

and absolute luminosities. We have spectroscopically verified that a number of these stars are M stars

(Pravdo et al. 1995). Stellar distances are determined frc~m the given trigonometric parallaxes or in

some cases photometric and spectroscopic parallaxes.  Stellar masses are determined using the

relation:

[1A4$
log -— = 0,118 (4.75 -Mbo)

Ma
(12)

with the stellar bolometric  magnitude, Mb,, taken from the spectral type, luminosity class, and

bolometric  corrections (Allen 1973). A minimum mass of 0.1 M. is assumed. For stars where the

luminosity class or subtype is not given, we assume lumiliosity class V

color types of “m” are assumed to be M5 dwarfs fbr the mass estimates.

absolute luminosities.

and subtype 0,5. Stars with

This is consistent with their

We begin with the 3229 CNS3 stars which have@ >300  pas for a Jupiter-mass planet and

T < 10 yr. Pkmets around a subset of these stars could be detected at 30 with the achieved precision

but as described below ($7.2) much more time than the survey allows would be required to observe
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all of them, We fiu-ther  restrict this sample. First, to limit the effects of DCR ($3 .2) we use a +450

swath in declination around the zenith of the ground-based observatory site. Second, to insure

enough reference stars in each field ($ 6.1), we limit the galactic latitude of the target stars to bll s

30°. Last, we introduce a telescope- and detector-dependent Y magnitude lower limit to prevent

image saturation. The magnitude lirnhs are listed in Table 3 and correspond to the brightest stars that

can be observed in a fast-readout region of the CCD, l’his results in 838 candidates, consisting of

2 ~ 25 F, 105 G, 174 ~ 330 M, and 202 m stars. Figure 6 shows the astrometric  signals for these

stars assuming Jupiter-mass planets in 10-year orbits, plotted in order of spectral type and sub-type,

with each sub-type sofied  by astrometric  signal magnitude.

We keep some known binaries in our target list (see below). Only those with small apparent

separations are removed, The minimum real separation for the remaining binaries is then 745 au.

Some short-period binaries will be discovered by this survey and eliminated when appropriate. Long-

period binaries both known and discovered are not expected to be different from single stars in the

properties of their planetary systems. In studies ofa subset of CNS3 less than 3% of the stars were

in long-period binary systems (Wasserman & Weinberg 1991).

7.3 Anticipated Results

We now present results of an end-to-end model of planet detection using the target stars, reference

fields, and measurement errors discussed above. To observe a statistically significant sample of stars

requires that a telescope be dedicated at least in part to this program: we assume a minimum of 40

nights yr-l. Since the survey is time- and not source-limited the number of stars surveyed increases

29



almost linearly with available observing time. We assume a bright sky (background V= 20 mag aS-2)

for this analysis. The observing efficiency due to bad weather and other effects, is chosen to be 50Y0,

resulting in a net observing time of 160 hr yr-l. The program will last for 10-20 yr, a necessity

considering the range of orbital periods in the search. 1 ‘arget stars will be observed twice per year

but not evenly spaced. This sampling imposes a lower limit to the period search of Tz 1 yr. The

DCR calibration observations will be performed infrequently and do not add much overhead to the

program. They could be done at an alternate site.

The observation time per target determines the stat istical significance of any detection as well

as the range in parameter space over which that significance is valid. Since we are searching for

planets for which the periocls  are unknown, each target should be observed long enough so that an

important range in that parameter space is sampled. It is incomplete to say that a star has been

searched for planets without indicating the range of periods (or semi-major axes) for which the search

is valid. We have chosen semi-major axes parameter space to display the results because it maybe

the parameter with the most physical interest, If, as suggested by Boss (1995), the radius at which

gas giants form is 4-5 a,u. independent of stellar temperature or mass for masses as low as 0.1 MO,

then it will be crucial for any observing program, regardless of the stellar sample, to explore this area

of parameter space. It is, of course, directly related to olbital  period parameter space.

We examine two potcmtial  programs: each searches a statistically significant number of stars

(> 100) but the first emphasizes “Solar-class” spectral types, with an average mass of 0.82 MO, while

the second emphasizes star numbers and contains mostly M-type stars. Figure 7 shows the detectable

(30) semi-major axes (shaded regions) for the Solar-class stars observed with the 10-,5-, and 1,5-m

telescopes in a 10-yr program, The number of stars is limited to 100 because the Solar-class spectral
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types are more massive, have lower signals, and thus each take more observing time than M stars.

For this survey UO = 100 pas which is calculated from (11) with U.= 85 pas fir, up= 41 pas A%-,

O--R = 66 pas, t = 1.6 hr, and the other quantities negligible. We assume a 2000 ~ bandpass and a

0.35 system throughput.

The target stellar types distribution is listed in Table 3. The Figure and Table demonstrate the

utility of a larger aperture: in equal programs the 10-m observes more Solar-like stars, 31 G stars

compared to 11 for the 5-m, 2 for the 1.5-m, and covers a larger area of sem-major axes parameter

space for each star. Figure 8 shows the coverage gain in semi-major axes space with time, if the

progmm k extended beyond 10 years, Mler 20 years with the 10-m telescope, the space is searched

to 10 au. for nearly the entire sample.

Table 4 lists the 100 candidate target stars, their expected astrometric  signals (Sigl O) and

orbits (Orb 10) for Jupiter-mass planets in 10-yr orbits, visual magnitudes, galactic latitudes (a

measure of the number of reference stars), distances, inferred masses, spectral types, and other names

and comments. The 6 known binary stars in this list (e.g. Poveda et al. 1994) have separations which

are between 745 -4200 au., large compared to the orbits that we are searching. Most of the

comments in Table 4 are from Ciliese  & Jahreiss.  We have updated t}~e  information with new

referenced data where available.

The alternate program emphasizes number of stars observed rather than a distribution of

spectral types. In this case the 10-m telescope can observe 574 stars, mostly of type M (Table 3).

With either program, if there are no detections we can conclude that Jupiter-mass planets are

uncommon in the samples.
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Finally we could search for lower mass planets with a more limited sample and reduced

parameter space coverage. For example, a 10-m, 40 night yr-l, 1 ()-yr program could detect 43

Saturn-mass planets around 2-G, 8-K, and 33-M stars, or 5 Uranus-mass planets around M stars.

For the later survey the maximum semi-major axes are only 3.2 au.

8 .  CONCL~JSl(]NS

We have described programs that allow us to make statistically significant surveys of nearby stars for

Jupiter-mass planets. The experiment uses an existing ground-based telescope and a CCD camera.

Notice that while this program requires careful, continuing long-term calibration, it does not place

extraordinary requirements on any one of the random sources of astrometric noise. The final error

per observatio~  106 ~as, is a factor of 20-40 better than currently obtained with smaller apertures.

Larger apertures improve averaging of atmospheric turbulence (- D ‘m), have smaller fields-of-view

with lower noise, and provide a better photometric SNR.

The number of stars, >100, in the 40 night yr-l survey, is important because one expects to

detect several Jupiter-mass planets in so large a sample if the canonical model of solar system

formation is correct, Systems with detected Jupiter-mass planets will be prime targets for terrestrial

planet searches. If no Jupiter-mass planets are found in a sample of 100 “solar-like” stars, we can

conclude that there is only a 3 x 10-5 probability that gas-giant planets as large or larger than Jupiter

form in at least 10% of the systetns. Since we do not search the same areas of semi-major axes

parameter space for each star this conclusion is an approximation.
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There is another unknown for a program in which mostly low-mass M stars are searched.

Theoretical modeling has yet to answer the question whether such stars, 2.5-10 times less massive

than the Sun, can have Jupiter-mass planets, Jupiter contains apprc)ximately 0.001 of the present

solar system mass, Jupiter-mass planets around the survey stars would contain 0.0025-0.01 of the

system mass.

In a program of searches for planetary systems similar to one described above, gas-giant

planets can be detected. Furthermore, the absence of detectable Jupiter-mass planets would begin

to put pressure on the theory that planetary systems like the solar system are common, at least for

sampled stars.

We acknowledge Mark Colavita,  George Gatewood, Anthony Gleckler,  IIiroshi  Kadogawa,

Eugene Levy, David Monet, and Michael Shao for useflll discussions.
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Table 1. Stars Observed in NGC 2420

[–T!Iz12dzrzlETlg
1116 46 19.4 13.68 -0.003 16.24
2108 33.5 17.1 14.48 0.433 -0.49
2111 19.1 18.7 14.27 0.433 -0.45
2116 9.5 16.1 14:57 0.419 0.62
2119 -3.2 5.7 14.56 0.424 0.54
2120 0 0 14.5 0.417 1.57
2114 17.1 3.4 14.28 0.469 -0.77
2127 8.8 -11.4 14.51 0.432 0.55
2128 14.6 -15.7 X37 0.502 -1.5
2129 19.2 -16.1 EZ5 0.534 -232
2122 -24.1 1.1 C49 0.866 -11.7
2225 -32.5 -4.7 g98 0.485 -1.58
2226 -41.3 -8.6 15.05 0.445 -0.39

2227a -36.3 -16.4 14.62 0.41 0,43
J -45.5 24.9 13.95 0.433 -0,54



.

Table 2. RMS Photometric Bias and Frame-to-Frame Centroid Noise

Star Photon RA Dec— RA Dec
Noise.*

1116 0.19 1.25 2.05 0.12 0.37
2108 0.24 0.52 0.86 0.18 0.59
2111 0.25 0.42 0.75 0.05 0.29
2116 0.30 0.60 1,16 0.08 0.43
2119 0.26 0.55 1.19 0.35 0.32
2120 0.24 0.77 1.10 0.25 0.32
2114 0.22 0.49 0.65 0 . 1 3 0.95
2127 0,29 0.57 0.89 0.06 0.23
2128 0.51 0.72 1.47 0.40 0.30
2129 0.62 0.56 2.81 0.33 0.66
2122 0.23 0.52 0.76 0.07 0.10
2225 0.86 1.58 1.50 0.19 0.27

2226 0.40 1.12 1,49 0.40 0.41

2227a 0.30 0.94 1.40 0.31 0.36

J 0.20 0.70 1.09 0.16 0,35
‘ mas rms in 1 min exposures
b mas lms in 10 min integrations



Table 3a. Telescope Comparisons--Specifications

cPrimaw  Diameter

r ‘EczLiE1
Image Scale (us/30  pm-pix)

7
0.476 0.078 0,042

Field-of-View Diameter (as) 178 133 84 I
Faintest Reference Star V 18 19 21

Number Ref. Stars (bn= 30°) 8.6 S.6 8.6

Effective Ref Frame V 16 17 19

Sky (bright sky mag aF2) 19 19 20

Brightest Target Star V 3.2 4.5 4.5

L.Seeing FWHM (cm) 1.0 1.0 0.5 I————



Table 3b. Telescope Comparisons-- “Solar-Class” Search Results

Primary Diameter 1.5m  5 m 10 m

Stars Searched-Total 50 100 100

F o 1 13

G 2 11 39

K 5 23 48

M 43 65 --

Minimal Outer AU. Searched 3.5 4.3 4.6



Table 4
.

Target Stars for the 10-m “Solar-Class” Survey

Star Spectral Sig10 Orb10 b“ V D Mass Giclas LHS Vyss. Other
Type (P )s (au.) (deg.) (pc) (Mo) UGPMF

1
2
3
4
5
6
7
8
9

10
11
12
13
-14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

GI 306
GI 692
LT 3317
HD 219623
GI 297.2A
G! 764.2
GI 41
HD 11007
GI 202
GI 364
GI 231.1A
BS 2883
GI 654.1
HD 30090
GI 245
G! 252
GJ 1095
HD 187923
GI 836.7
HR 8455
G! 92
GI 616
G\ 779

GI 67
HD 224465
GI 197
HD 225239
GJ 1085
GI 230
GI 708.4
G! 327
GI 209

F3 V
F5 V
F6 v
F7 V
F7 V
F7 V
F8 v
F8 v
F8 Ve
F9 IV
F9 V
F9 V
F9 V
GO
GO V
GO V
GO V
GO V
GO V
GO V
GO Ve
G1 V
G1 V
G1.5 V
G2
G2 IV-V
G2 V
G2 V
G2 V
G2 V
G3 V
G4 IV-V

451
444
530
402
378
386
611
395
509
692
527
369
434
489
543
506
486
444
614
535
879
556
527
593
434
529
418
527
547
432
926
653

4.8 18.7 5.6
5.1 4.2 4.9
4.7 18.9 5 . 8
4.9 -7.1 5.5
5.0 10.6 5.5
5.0 -16.6 5.5
4.9 -1.7 4.8
4.9 -28.7 5.8
4.9 -10.3 5.0
4.8 21.5 4.9
4.7 -5.2 5.7
4.9 4.9 5.9
4.7 23.8 6.0
4.5 -1.9 6.5
4.8 17.5 5.2
4.7 12.1 5.7
4.8 23.5 5.6
4.7 -7.8 6.1
4.5 -28.3 5.9
4.6 -29.1 6.2
4.6 -25.4 4.9
4.7 29.2 5.5
4.7 -7.6 5.8
4.9 -19.3 4.9
4.6 -11.5 6.6
5.0 1.5 4.7
4.7 -27.2 6.1
4.6 -15.8 6.0
4.5 -3.5 6.4
4.7 24.9 6.3
4.3 24.2 6.0
4.1 -6.0 7.7

18.2 1.12
16.7 1.31
16.7 1.01
19.6 1.20 LTT 16B41
20.5 1.23 Binaty 92” sep.
20.0 1.23
13.2 1.16
20.4 1.16 LTT 10624

1 5 . 3  1 . 2 1
1 2 . 2  1 . 0 8
1 6 . 4  1 . 0 4 Binary 95” sep.

21.7 1.16
19.6 1.07
19.2 0.92
15.1 1.12
16.9 1.05
17.2 1.09
19.6 1.03
15.1 0.93
17.2 0.94
10.2 0.99
15.4 1.06
16.6 1.02
f3.7  1.?5
21.3 0.94
14.4 1.26
2 0 . 4  1.06
16.9 0.99
17.6 0.89
20.4 1.01
11.3 0.78
f17.8 0.67 G1OO-O27 6

154
3171
3515
1284

1753
1013

PSI(5) Aur

5S 2721

LTT1580S

BS 660 DEL Tn SBO (A&A 195, 129)

LIT 17065

IAM Aur

L1-rlooo9LFT4

LTT 2380 BS2007

33 GI 262 G4 V 473 4.7 15.3 5.9 18.2 1.05 1893



.
Table 4

Target Stars for the 10-rn;;301ar-Class” Survey

Star SDectral  SidO Orb10 b“ V D Mass Giclas LHS Vyss. Other

“ T y p e  (p;s)  (au.) (deg.) (pc) ( M o ) UGPMF
34 HD 12545 G5 1180 3.6 -25.0 8.4 12.8 0.45
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

HD 21809
HD 68835
GI 160
BS 2225
GI 722
GI 746
GI 822.2
GI 703
GI 302
GI 759
GI 777 A
GI 295
GI 641
GJ 1233
G! 754.2
GI 113.1
GI 668.1
GI 793.1
GI 227
GI 75
G! 654.2
GI 700.2
G! 758

GI 895.4
GI 631
G! 217
GI 762.1
GI 778
GI 211
HD 40676
GI 706
GJ 1240
GI 28

G5
G5
G5 V
G5 V
G5 V
G5 V
G5 V
G6
G7.5 V
G8 Iv
G8 Iv-v
G8 v
G8 v
G8 v
G8 v
G9 e
G9 V
G9 V
KO e
KO V
KO V
KO V
Ko v
KO V
KO Ve
K1 V
K1 V
K1 V
KI Ve
K2
K 2 v
K 2 v
W Ve

756
1017
500
591
675
540
780

1112
790
486
485
510
599
549
558
869
906
513
679
965
777
530
522
548
956
622
438
585
858
748
975
650
650

4.1
3.9
4.7
4.4
4.5
4.6
4.1
3.5
4.4
5.0
4.9
4.4
4.4
4.3

4.5
4.1

4.2
4.4
4.3
4.4
4.1
4.4
4.6
4.4
4.4
4.2
4.6
4.2
4.3
3.9
4.2
4.1
4.2

-14.7 7.3
23.0 7.3

-22.1 5.9
-18.5 6.4

-6.8 5.9
4.1 6.1

-16.1 7.0
16.8 8.7
12,8 6.~

-1.9 5.2
-0.7 5.7
27.0 7.0
26.1 6.6
20.0 7.0
10.9 6.3

-25.4 6.8
17.3 6.3

1.2 7.1
-2.5 6.8
1.7 5.6

30.0 7.1
2fl .8 7.0

8.4 6.4
-2.1 6.7
28.4 5.8

4.4 7.4
18.0 6.6
-4.2 7.3
11.9 6.2
11.7 7.8
24.2 6.4

-14.1 7.6

15.4 0.67
12.5 0.58
17.4 1.03
16.4 0.88
13.9 0.92
16.8 0.97
14.5 0 . 7 0
13.9 0.43
f2.6 ~.84

1 5 . 6  1 . 2 7
1 6 . 7  1 . 1 5
1 9 . 4  0 . 8 5
1 6 . 5  0 . 8 5
1 8 . 5  0 . 8 2
1 6 . 7  0 . 9 3
1 2 . 8  0 . 7 1
1 1 . 8  0 . 7 6
fi9.6 0 . 8 3
1 5 . 3  0 . 7 9
1 0 . 3  0 . 8 5
1 4 . 5  0 . 7 0
?8=9 o,84

17.6  0 . 9 5
47.8  0 . 8 7
1 0 . 5  0 . 8 3
1 7 . 6  0 . 7 3
2 0 . 6  0 . 9 8
1 8 . 2  0 . 7 6
1 2 . 1  0 . 7 9
1 6 . 4  0 . 6 2
1 1 . 3  0 . 7 3
1 7 . 5  0 . 6 9

GOI 9-004
G229-026

G209-035

GI 82-035

G217-01~

G096-051
G229-033
G186-011

G205-005

245
3463
3510

242
426

6

Binary 178 sep.

W An SBO (A&A 19S,129)

1297

3353

544
3224
1783
3466

481
1774

3363
U 4 6 9  LTT 7720

-22.6 7.4 17 .1  0 .71  G132-015 1125



Table 4

Target Stars for the 10-rnrn:Solar-Class” Survey

Star Spectral Sig10 OrblO b“ V D Mass Giclas LHS Vyss. Other

Type (pas) (au.) (deg.) (Pc) (Mo) UGPMF
68 GI 282 A K2 Ve 878 4.0 9.1 7.2 13.5 0.65 G1 12-037 U165 Binary W’ sep.

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
Qq

92
93
94
95
96
97
98
99

GI 329
GI 174
GI 183
GI 250 A
GI 621
Gl 688
GI 716
GI 892
G! 77C
GI 727
GI 775
GI 782
GI 282 B
GI 622
GI 171.2A
GI 49
GI 69
GI 204
GJ 1094
GI 653
G! 241
GI 818
G! 7?9
GI 154
GI 215
GI 726
GI 52
G! 169
GI 673
GI 273.1
GI 824

K213 Ill
K3 V
K3 V
K3 V
K3 V
K3 V
K3 V
K3 V
K3/4 V
K4
K4 V
K4 vp
K5
K5
K5 ep
K5 V
K5 V
KS V
K5 V
K5 V
K6
K6 v
K6 Ve
K7
K7
K7
K7 V
K7 V
K7 V
K8
K8

901
888

1193
1247
756
816
716

1564
648
763
797
886

1112
1235
774

2212
1029
834
808

1148
668
7?5
678

1129
1072
1022
976

1199
1859
446
640

3.7 13.2 8.7
3.9 -16.5 8.0
4.2 -27.2 6.2
4.1 -2.2 6.6
3.9 24.2 8.4
4.4 17.7 6.5
4.4 -4.2 6.8
4.2 -3.2 5.6
4.6 -23.9 6.2
4.0 5.5 8.0
4.1 -14.2 7.5
3.7 -26.2 8.9
3.6 9.1 8.9
3.2 18 .7  10.4
3.9 -13.4 8.4
3.1 -0.5 9.6
3.7 1.5 8.4
4.0 -20.0 7.7
3.9 -0.6 8.4
3.8 20.9 7.7
4.0 8.6 8.1
4.0 -25.5 8.3
4.0 23.6 8.1
3.4 -22.1 9.6
3.6 16.6 9.0
3.6 -0.8 8.8
3.6 1.1 9.0
3.7 -18.1 8.3
3.6 20.0 7.5
4.6 21.4 7.7
4.3 -26.4 7.9

15.3 0.52
14.0 0.60
9.0 0.75
9.2 0.68

16.6 0.59
12.3 0.83
14.1 0.83
6.8 0.76

!3.9 g.97
15.6 0.64
14.2 0.70
15.8 0.50
13.5 0.46
15.1 0.33
16.4 0.59
8.9 0.30

13.3 0.52
14.0 0.66
15.8 0.58
11.3 0.57
17.5 0 . 6 6
17.1 0.62
:7.2  0 . 6 6
14.5 0.40
14.0 0.46
14.1 0.48
14.9 0.48
11.7 0.50
7.8 0.48

20.7 0.94
16.4 0.78

GO08-051
200

1875
G153-049

G141-037

G1 12-038

GO08-044
G243-052
G244-033
G099-012

G019-013
G109-O2O
G025-016
G227-036
GO06-034
G249-018
G021-024
G243-060

GO19-024
G090-001

71

3526

3191

1179
1291
1763

431

3624

1782

136

447

U102
U148 Binay w s e p .

U408

U479
V325

V330 Binary 58” sep.

Binary 126” sep.

v002 LFT 94 Woif  46

V381
V463
U152 LTT 2722

V787 AWolf635LFT 1316

V478
V831

9Y !XA

V104
V466
V805
V365
VO08
V794
V880
V833

100 GI 172 K8 Ve 1398 3.7 3.9 8.6 10.2 0.49 G1 75-042 1688 V449
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FIGURE CAPTIONS

Figure 1, These stars in NGC 2420 were observed with the Palomar 5-m telescope,

Figure 2. We show the AlIan variance of the positional uncertainty of 15 stars in NGC 2420 observed

with the Palomar 5-m.

Figure 3. The planet-star configuration illustrates the astrometric  signal produced

Figure 4. These are the minimutn peak-to-peak amplitucies of stellar motion for 30-detections vs.

the orbital period of a planet. The plot assumes 2 observatiordyr  for 10 yr. Each observation has a

precision of 150 pas. For periods longer than 10 years, the curve shows the worst-case phase.

Figure 5. Distortion at the Keck telescope is well below the precision of the astrornetric

measurements. The solid curve is the as-designed distortion across an 84 as field-of-view. The other

curves show how the distortion changes when the secondary mirror is misaligned.

Figure 6. We show the peak-to-peak amplitudes of stellar motion for the 838 stars potentially

sampled by the 10-m program assuming the presence of a Jupiter-tnass  planet in a 10-yr orbit. Stars

are sorted by spectral type and sub-type, with each sub-type sorted by amplitude. The y-axis of the

plot cuts off13arnard’s  star, an M5 dwar~ that would have a 14.5 mas amplitude.
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Figure 7. We show the parameter spaces explored (shaded regions) for 3u-detections in a 10-yr

program at the 10-, 5-, and 1.5-m telescopes. 1.6 hr/yl  are allocated to each source. The Keck

telescope explores the 4-5 au. region for nearly all the 100 program stars. The jagged edges of the

shaded regions is due to varying distances and masses of the target stars.

Figure 8. The semi-major axes parameter space searched with a 10-m telescope expands as the

observational program length increases. The 10-yr search region is identical to that in Figure 7,
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Figure 3. Planet-star configuration illustrating the astron Ietric signal produced.
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‘J’lle argct star position is measured  relative [0 the rcfcrcvlce frame formml by the

backgrou]ld stars. observationsm adeat ciiflcrclltc  lJocllsa  lflcgistcrc~cltooll  eaJlotllcr

usi]lg all affine tlrallsfor113atiorl  that is clefind  with a least squa] es lnodclc Simple models

(e.g. linear in each axis) require fmvcr reference slam and arc less sensitive to ranclom

noisr ill tllcir paralllett’r  variance than lligher-order models. IIigllcr-order l]lodels,  on

the ot llcr l]a]id, arc solllctlilncs  rcquirecl to account  for abcrraliol}s and other  sj’st mnat ic

cflects. l]) this aplwlldix, WC snow how tllc rcfelcnce star dislril~lll ion ant] clloicc of

a((ille tr:~llsforl~latiol] relate 10 tile astrolllrtlric smlsitiiity  of tll( Il]otlel.

Sillc[ tllc target  stars arc gencra]ly bri$l~tm  tllzill  tllc I)a(ligroulld  slals, astroll>ctric

prccisiol)  is li]l]itc(l l)y tl)c pl]otomctric  noise  asso( iatd wit]]  IIIC l)acl(groull~l  s t a r s .  III

tl]is ap])(,]]dix, IV(’ coll)put(’  tl]c noise iI) tl]c  csti]])ate of tlIc target star posit iol] as a

I(l]l(tiol]  of tlIc  r(’((11(’IIce fral)lc spatial and brigllt]lms  distril)utioll,  for I)()(1I li]]cal  aIId

SI’(’oll(l-  ol’(1(’1”  1110( 1(’1s.

‘1’1)( affillc trallsfollliatic)ll  is ddilIed  by a set of ])aIall)ctfrs.  .7’. that

sqllares solllt,ioll  10 t hc eq~lation

~]’-l }“ ~, w- l<ylj Al

)“” is tll(’ l’(1’tor of ]])casur(d  I)ackgrollnd  star ])ositions  ill fra]]l(  j. \vl]icll  for tl]c .r a x i s



positioIIs  is give]] l)y

.~i]

.1”1,2

1 .l’i,~,

stars.

i. IJor

ill(l(’1)(’]](1(’llt  will)  a  stal](lard  dcviat  ]oIl m,t(, nl T 1 . . . )7, 11)( ’1) 11’ tak(’s tl]c for]])

T1’=

CT]

o

J

/+4

stat ist ics of cacll star.

j == (X7’V” ‘X)”- wk-])’-



lvitll 1’ = M’7’M~,  tlIc  diagonal Irlatrix  o f  ])ositiollal  I’ariallccs. ‘I’l Ic covariallcc Illatrix

of 1,11(’ solutio]]  is givc]i by

Cov(j)  == (Xw’-h”)-l . Al!#

W( IIOW assume  that the target  star is Ilolllinally  located at tllc  ccmtcr of tile  coor

dinak  fra]]]c.  ‘1’hc varia]lce  of the positioIlal  (wor of tile  c(mtcr  of the frame is  given

by llI(T first tcr]n in tlI( covariaIIcr  matrix. cJ~=:co\(j)(l,  1). 1+’01 t lIc li]lcar  ]]lodcl of (q.

A.3, tl]is t(~rlll  is

(Iistribut  io]l all(l  tllc  Ilulllbcr  of pl]otons  ill tile  r(~fcrcncc  fral]](.  I I  a l l  s t a r s  l]alr(’ tlIc

Ineasumllc]lt  noise on star 77/  is due strictly to tl](’ finite IIu InlM’r  of (Ietd(d p h o t o n s .

.\r,,,, 111(II tllc  }Jositiolla]  varia]]ce  of star 7~1 is given  by

2
(7 2 . . _Q~:

111 ‘-
N,,,

Slll)stitlllillg this i]lto e(]. l~i, aIld (ldi]lin~;  tli(~ lIl(JIIl(JIItS  of III( ficl(l as



8-
1:
.

‘*

]4:(,.  ,\j~ s]lo~vs t],a(, t,]~[ ~a~g~t  star p~sitio]la]  Iarial)cc  i s  git’cll  by t h e  Jvidtll  Of tllr

Stcllal’ IIl)a,g’(’s a~> tllc  total light in tllc frame )1 ~~rn,, and a function of the first and

SNWI1(l  lnomcnts of the reference frame.

If tjllc plate scale model was not, rccluird,  and if only  OIIC  r(’lkrmlce star of brig} ]tness

>: N,,l  \VtlS }MWC1)t,  then the firSt term Of cq. A 12 WOUIC1  bc t,llr reference fra)nc posi-

tiolla]  variallc(’,  givcll I>y fly. ‘J’hr second term containing the IIIOIIICIItS  can 1)(: thought,

of as tll(’ illcflicicncy  of the plait scale  model. ~“llc positions] valiance  for astro]netry

i s  tll(’11 tll(’ pro(lllct  of the noise  associatd  Ivitl] a singlr  Icf(\rcIIcc s t a r  o f  l)riglltncss

>; :\rl,l,  all(l a fralnc (’flicicnc~r  f ac to r  1“ giv(’11 by ll~c r a t io  of lilol~lcllts  ill (xl. ;\] ’2.

I:or lligll(’r  order tlztllsfcJIll)atiolls, tllc  IIull)b(r  of  tcrllls ill q.

Llatlixill\clsioll  fora full c]llacllaticlllc)clcl  (six t(r]~ls]j(’r:lxis)  i s

tlI( assllllll)t,ioll that  the field is poilit  sj-jlllnctri(.  III that  (aw. t

~i~(’11  I)y

1<’  - - - - - /M3

‘1’llc I)lmcllcc of fourtll-ord(v’  Il)omcllts  illlplies Illat f o r  qlla(llatic  IIlodels  tllc  fralnc

}.arial)cc i s  IIip;llly  scllsitivc  t o  tlIe  distril)lltioll  (If r(’f(’mllc(’ stars. Note tl)at  fo r  tllc

lill(;lllllo(l(l,  1’ = J \vlIelI ttlcficldis  assllll~(dto  I]cl)oillt  sjl))lnctric.

AI I illtcrcstillg  cllarackristic  of q. A12 is that tllc  variance (lrlmI(ls 011 tllc  sha]w

l)[lt not tllc  size of tllc  field. ‘1’his  iscasil: showII  by sul)stitllt  ill:,  .1’ =- 0.1 illtoc(js.  A!)

to ,4 I 1. (/ lx’illg  a scale factor. ‘1’liis  is ill colitrast to difrcl~lll ia] c(Iltroid  IIois(> du(’ to

tll(’  atlllospllm, }Vllicll  is  ]]Ot collsi(lcr(d  ill t h i s  ap]wl](lix. ,\tlllospllcric  IIoisc,  ill tllc

sIIIall  ficl(l  lilll  it, itl(’r(.jas(’s  linearly wit]] fi(’1(1  dial ll(>trr.
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